Journal of Elementology ISSN 1644-2296

Ertekin, E., Bilgen, M. and Ertekin, I. (2025)
‘Evaluation of germination dynamics and seedling vigor under varying heavy
metal concentrations in key legume forage plants’,
Journal of Elementology, 30(4), 863-884,
available: https://doi.org/10.5601/jelem.2025.30.3.3632

@ ®@@ RECEIVED: 4 September 2025

TR ACCEPTED: 2 November 2025 ORIGINAL PAPER

Evaluation of germination dynamics and seedling
vigor under varying heavy metal concentrations
in key legume forage plants”

Esra Nermin Ertekin!, Mehmet Bilgen?2, Ibrahim Ertekin'

!Department of Field Crops
Hatay Mustafa Kemal University, Hatay, Turkiye
2Department of Field Crops
Akdeniz University, Antalya, Tirkiye

Abstract

Heavy metal contamination poses significant risks to plant germination and early seedling
development. This study investigated the effects of different heavy metal types (Cd, Hg, Cr, Pb,
Ni), concentrations (0, 100, 200, 400, 800 mg L'), and plant species (sainfoin, common vetch,
and alfalfa) on seed germination parameters and seedling growth traits. The experiment was
conducted under controlled laboratory conditions at the Department of Field Crops, Faculty
of Agriculture, Akdeniz University. The results revealed that heavy metal type, dose, and plant
species, along with their interactions, significantly influenced the relative germination ratio,
relative germination index, relative vigor index, relative shoot and root length, as well as fresh
and dry biomass accumulation. Among metals, Cd and Hg exhibited the strongest toxicity,
markedly reducing germination rates, seedling vigor, and biomass, while Cr, Pb, and Ni caused
less inhibition. Species responses varied, with sainfoin and common vetch showing higher toler-
ance and maintaining better growth performance under metal stress compared to the more
sensitive alfalfa. Dose-dependent declines were evident across all traits, highlighting the seve-
rity of heavy metal stress at elevated concentrations. These findings emphasize the critical role
of species selection for phytoremediation and sustainable cultivation in contaminated soils. Fur-
ther investigation into the physiological and molecular mechanisms underlying metal tolerance
could support improved management strategies in metal-impacted environments.
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INTRODUCTION

In recent decades, the intensification of industrial activities has led
to a concerning accumulation of pollutants in the environment, particularly
in agricultural soils. Among these pollutants, heavy metals have emerged
as one of the most persistent and hazardous contaminants due to their
non-biodegradable nature and potential to bioaccumulate in ecological sys-
tems. Heavy metals such as cadmium (Cd), chromium (Cr), mercury (Hg),
nickel (Ni), and lead (Pb) are commonly released into the environment
through various anthropogenic sources, including mining operations, indus-
trial discharges, pesticide and fertilizer application, and wastewater irriga-
tion. Once introduced into the soil, these metals can remain for decades,
posing a significant threat to plant health, crop productivity, and ultimately,
food safety (Can et al. 2009, Nagajyoti et al. 2010, Alloway 2012).

Plants exposed to elevated levels of heavy metals often exhibit a range
of physiological and biochemical disturbances. These include inhibited seed
germination, stunted seedling growth, reduced root elongation, and disrup-
tions in nutrient uptake and photosynthesis (Singh et al. 2010, Pourrut et al.
2011). On the cellular level, heavy metals can induce oxidative stress by
generating excessive reactive oxygen species (ROS), which damage lipids,
proteins, and nucleic acids, ultimately impairing membrane integrity and
enzymatic activities (Sharma, Dietz, 2006, Gupta et al. 2013). Furthermore,
metals such as Cd and Pb interfere with essential nutrient absorption, alter
hormonal signaling pathways, and suppress antioxidant defense mecha-
nisms, leading to imbalances in metabolic homeostasis (Seregin, Kozhevniko-
va 2008). The severity of these effects depends not only on the concentration
and type of metal, but also on the plant species and developmental stage.
Seed germination and early seedling growth are considered highly sensitive
indicators of metal toxicity, and are frequently used as early biomarkers
in environmental risk assessments (Zhao et al. 2002).

Leguminous forage crops such as alfalfa (Medicago sativa L.), common
vetch (Vicia sativa L.), and sainfoin (Onobrychis viciifolia Scop.) play a vital
role in sustainable agriculture due to their high nutritional value, soil ferti-
lity improvement through nitrogen fixation, and adaptability to diverse
agro-climatic conditions (Atis et al. 2011, Ertekin et al. 2017). However, their
early growth stages are particularly vulnerable to environmental stressors,
including heavy metal contamination. Despite the ecological and agronomic
importance of these species, comparative studies evaluating their responses
to different types and concentrations of heavy metals remain limited.

Previous studies have mostly focused on single species or individual
metal treatments, leaving a gap in the understanding of interspecific
variability in tolerance and physiological responses (Liu et al. 2010, Timm
et al. 2019). In this context, exploring the germination and seedling vigor
responses of multiple forage legumes under controlled heavy metal stress
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is essential not only for identifying tolerant species, but also for assessing
their potential use in phytoremediation or rehabilitation of contaminated
lands.

The present study aims to address this gap by investigating the effects
of some heavy metals applied at increasing concentrations on the seed germi-
nation and early seedling development of alfalfa, common vetch, and sain-
foin. By examining key physiological parameters such as germination per-
centage, root growth inhibition, and relative germination and growth indices,
this research seeks to provide a comparative assessment of heavy metal
tolerance among these species. Unlike previous studies that mainly focused
on crop toxicity thresholds, this study integrates physiological and compara-
tive perspectives to better elucidate tolerance patterns among forage
legumes. The findings are expected to offer insights into the potential
of these legumes for cultivation or phytoremediation in contaminated soils,
and contribute to risk evaluation strategies in agroecosystems affected
by industrial pollution. Ultimately, understanding these mechanisms can
support the development of sustainable forage production systems and
informed management practices for agriculture in marginal or contaminated
environments.

MATERIALS AND METHODS

Experimental design and plant materials

This experiment was conducted under controlled laboratory conditions at
the Department of Field Crops, Faculty of Agriculture, Akdeniz University.
The study involved three leguminous forage species, alfalfa (Medicago sativa
L.), common vetch (Vicia sativa L.), and sainfoin (Onobrychis viciifolia Scop.),
as the plant material. Certified seeds of each species were obtained from
reliable agricultural research institutions and stored under optimal condi-
tions until use.

Five different heavy metals were tested as stress-inducing agents: cad-
mium (Cd), chromium (Cr), mercury (Hg), nickel (Ni), and lead (Pb). Their
respective compound forms and molecular weights are listed in Table 1.
All chemicals were of analytical grade and sourced from commercial sup-
pliers such as Merck, Riedel-de Haén, and PanReac.

Germination assay and treatment application

To ensure aseptic conditions, seeds were initially sterilized by immersion
in 5% hydrogen peroxide (H,0,) for 3 minutes, followed by five successive
rinses with sterile distilled water. This concentration was selected because
5% H,0, effectively eliminates surface-borne pathogens and fungal spores
while avoiding detrimental effects on seed viability, as demonstrated in pre-
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Table 1
Characteristics of the heavy metals used in the experiment
Heavy Metal Chemical Form Molecul;l;)}Vl‘])elght & Supplier
Cadmium (Cd) Cd(NO,),  4H,0 308.49 PanReac
Chromium (Cr) Cr(NO,), - 9H,0 400.15 Merck
Mercury (Hg) Hg(NO,),  H,0 342.62 Merck
Nickel (Ni) Ni(NO,),  6H,0 290.81 Merck
Lead (Pb) Pb(NO,), 331.20 Riedel-de Haén

vious seed disinfection studies (Ertekin et al. 2018, 2022). Uniform seeds
were selected for each species, and 30 seeds per replicate were sown in ster-
ile 9 cm Petri dishes lined with double-layered Whatman No. 1 filter papers.

Each Petri dish received 8 mL of heavy metal solution at one of the fol-
lowing concentrations: 0 (control), 100, 200, 400, or 800 mg L!. These solu-
tions were prepared from 1 L stock solutions of the respective compounds.
Treatments were arranged in a completely randomized design with three
replicates per treatment for each plant species. Dishes were sealed with
parafilm to minimize evaporation and placed in an incubator set at 30 = 1°C,
with a 12-hour light (200£20 umol m*? s?!) / 12-hour dark cycle and 70% rela-
tive humidity. The germination and early growth period lasted 10 days.

Measurement of germination and seedling parameters

A seed was considered germinated when its radicle extended beyond 2
mm. Germination was monitored daily, and the number of germinated seeds
was recorded until no further germination was observed. At the end of the
experiment, 13 seedlings per replicate were randomly selected to measure
root length (RL) and shoot length (SL) using a millimeter-scale ruler.

In addition to germination percentage (GP), several derived indices were
calculated to evaluate the effects of heavy metal stress:

— germination rate (GR) was calculated as the proportion of seeds germi-
nated over total seeds per Petri dish.

GR (%)=(number of germinated seeds / total number of seeds)x100;

— mean germination time (MGT) was computed following the method
of Ellis and Roberts (1981):

MGT = X(D X n) / Zn, where D is the number of days and n is the num-
ber of seeds germinated on day D.

— index (GI) was determined based on cumulative germination per day.

GI=>Dt/Gt,
where: G, = number of seeds germinated on day ¢;
D, = day number of germination;
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— vigor index (VI) was calculated as the product of GI and mean shoot
length:
VI=GIxshoot length (cm);

— relative germination index (RGI %), relative vigor index (RVI%), rela-
tive root length (RRL %), and relative shoot length (RSL %) were cal-
culated as the ratio of each parameter under heavy metal stress to
that of the control, expressed in percentage:

RGI (%)=(GI treatment / GI control)x100,

RVI (%)=(VI treatment / VI control)x100,

RRL (%)=(Root Length treatment / root lengthcontrol)x100,
RSL (%)=(shoot length treatment / shoot length control)x100.

Additionally, root fresh weight (RFW) and shoot fresh weight (SFW)
were also recorded at the end of the experiment.

Statistical analysis

The experiment was conducted under controlled laboratory conditions
using a completely randomized factorial design, where three legume species,
five heavy metals, and five concentration levels (including control) were con-
sidered independent factors. All data collected from the experiment were
expressed as a means of three replicates.

Statistical analyses were performed using JMP Pro 13.0 (SAS Institute
Inc.). The experimental design was analyzed as a full factorial experiment
with three fixed factors: species (S), heavy metal type (HM), and dose (D).
A three-way analysis of variance (ANOVA) including all main effects (S, HM, D)
and their two- and three-way interactions (SXHM, SxD, HMxD, SXxHMxD)
was applied to the entire dataset in order to test overall treatment effects.
When significant differences were detected (p<0.05), the Tukey’s Honest
Significant Difference (HSD) test was applied to compare treatment means.
Prior to hypothesis testing, model assumptions were evaluated for each
response variable. Normality of residuals was assessed by visual inspection
of Q-Q plots and by the Shapiro-Wilk test.

Additionally, to visualize three-way interactions among plant species,
heavy metal types, and doses, heatmap graphics were generated in JMP Pro
13.0. These visualizations provided a clear and comparative representation
of how germination-related indices varied across all treatment combinations.

RESULTS AND DISCUSSION

Relative germination ratio (%)

According to the ANOVA results (Table 2), heavy metal type and dose
had significant effects on the relative germination ratio — RGR (p<0.0001),
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Table 2
ANOVA results of investigated parameters under main and interaction effects

P values of treated factors
ITEMS Main effects Interaction effects

S HM D SxHM SxD HMxD | SxHMxD
RGR 0.0936 <0.0001 <0.0001 <0.0001 0.1227 0.0052 0.1504
RGI 0.0002 <0.0001 <0.0001 <0.0001 0.2500 <0.0001 <0.0001
RVI <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
RSL 0.0936 <0.0001 <0.0001 <0.0001 0.1227 0.0052 0.1504
RRL <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
MGT <0.0001 <0.0001 <0.0001 <0.0001 0.4052 0.0030 <0.0001
FSW <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
FRW <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
DSW <0.0001 <0.0001 0.0029 <0.0001 <0.0001 <0.0001 <0.0001
DRW <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

S — species, HM — heavy metals, D — doses, RGR — relative germination ratio (%), RGI — relative
germination index (%), RVI — relative vigor index (%), RSL — relative shoot length (%): RRL —
relative root length (%), MGT — mean germination time (day), FSW — fresh shoot weight (mg
plantlet!), FRW — Fresh root weight (mg plantlet'), DSW: Dry shoot weight (mg plantlet?),
DRW — dry root weight (mg plantlet?)

along with significant interactions for HM X D (»p=0.0052) and S x HM
(p<0.0001). However, species alone and other interactions were not signifi-
cant. Among metals (Table 3), Cr (100.1 + 0.6), Pb (100.0 £+ 0.8), and Ni
(99.4 + 0.6) resulted in the highest RGRs, whereas Cd (96.1 + 0.7) and Hg
(96.7 £ 0.8) caused greater inhibition. RGR was highest in the control
(99.9 £ 0.5), followed closely by 100 and 200 mg L' treatments, while
800 mg L' (95.9 + 1.0) caused the biggest decline. Regarding species — metal
combinations (Table 4), sainfoin X Cr (102.9 £ 1.0) and alfalfa x Pb
(102.9 £ 1.5) yielded the highest RGRs. The lowest value was found in
alfalfa x Cd (92.8 + 1.3), followed by sainfoin X Hg (93.5 + 1.6). According to
Table 5, Cr x 200 mg L' (101.9 = 1.1) had the highest RGR, comparable to
several other Cr and Pb combinations, especially at moderate doses. The
lowest RGR occurred in Cd X 800 mg L (91.2 + 2.0), with similarly low re-
sults in Hg X 800 mg L' and Cd x 200 mg L!. These findings confirm that
heavy metal type and concentration significantly affect seed germination,
which 1s consistent with previous studies showing that metals like Cd and
Hg are more toxic than Cr, Pb, or Ni (Clemens 2006, Ertekin, Bilgen 2011,
Ertekin et al. 2020, Aygiin et al. 2022). The higher tolerance observed with
Cr, Pb, and Ni may be due to species-specific detoxification mechanisms
(Sharma, Dubey 2005). The reduction in germination at higher doses (400 and
800 mg ') aligns with the known dose-dependent toxicity effects impairing
seed metabolic activity (Pourrut et al. 2011). Species-metal interactions high-
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Fig. 1. Heatmaps of three-way interactions (species X metals X doses) for RRL, RGI, RVI
and MGT parameters

light variability in susceptibility, which is crucial for risk assessment and
phytoremediation planning (Ghosh, Singh 2005). Overall, these results em-
phasize the need to consider both metal type and dose when evaluating
heavy metal impacts on plant germination.

Relative germination index (%)

According to the ANOVA results (Table 2), species (S), heavy metal type
(HM), and dose (D) had significant effects on the relative germination index
— RGI (p=0.0002, p<0.0001, and p<0.0001, respectively). Significant interac-
tions were also observed for S x HM, HM x D, and S x HM x D (p<0.0001
for all), while S X D was not significant. Among species (Table 3), alfalfa
(97.0 £ 1.1) and sainfoin (96.8 + 0.8) had higher RGI values, while vetch
(93.6 £ 0.9) scored lower RGI. Pb (100.1 + 1.0), Ni (98.2 £ 0.9), and Cr
(95.9 = 1.1) caused the least inhibition, whereas Cd (91.8 = 1.4) and Hg
(93.2 + 1.4) showed more toxic effects. Control (100.0 = 0.8), 100 mg L
(97.7+0.9), and 200 mg L' (95.8 £ 1.1) had higher RGI than 800 mg L
(89.9 = 1.6), indicating a dose-dependent decline. As shown in Figure 1,
the heatmap illustrates species-specific responses under different metal types
and doses, ranging from high (~110%) to low RGI values (~60%). Alfalfa and
sainfoin generally maintained higher RGI under moderate stress, while vetch
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showed greater sensitivity. These results demonstrate that species, metal
type, and dose strongly affect RGI. Alfalfa and sainfoin showed better tole-
rance than vetch, consistent with their higher resilience to environmental
stress (Sharma and Dubey, 2005). Pb, Ni, and Cr were less inhibitory than
Cd and Hg, supporting prior findings on metal toxicity (Clemens, 2006). The
dose-dependent decline in RGI aligns with the known thresholds for toxicity
affecting seedling vigor (Ertekin, Bilgen, 2011, Ertekin et al. 2020, Aygiin et
al. 2022). Species-specific differences suggest that selecting the right plant
species 1s crucial for phytoremediation and cultivation in contaminated envi-
ronments.

Relative vigor index (%)

As shown in Table 2, the species, heavy metal type, and dose, along with
all their interactions, significantly affected the relative vigor index — RVI
(p<0.0001). According to Table 3, sainfoin had the highest RVI (76.8 + 2.8%),
while alfalfa showed the lowest value (66.6 + 4.1%). Among metals, Cr yield-
ed the highest RVI (93.4 + 2.6%), while Hg resulted in the lowest value
(42.6 £ 4.5%). RVI values declined progressively with increasing metal doses.
The heatmap (Figure 1) of species X heavy metal X dose interactions revealed
that control treatments showed consistently higher vigor. Notably, Hg appli-
cation to alfalfa led to strong reductions across all doses, indicating the most
toxic response. The significant effects of species, heavy metal type, and dose
on relative vigor index (RVI) reflect the combined influence of genetic and
environmental stress factors on seedling vigor, consistent with prior studies
(Ertekin, Bilgen 2011, Bae et al. 2016, Ertekin et al. 2020, Aygin et al.
2022). Sainfoin demonstrated the highest vigor, suggesting inherent tole-
rance mechanisms, whereas alfalfa showed comparatively lower vigor, indi-
cating species-specific sensitivity. Chromium (Cr) treatment resulted in the
highest RVI, supporting earlier findings that Cr, at certain valence states
and concentrations, may be less phytotoxic than mercury (Hg), which consis-
tently caused the lowest RVI values across species and doses (D1 Toppi, Gab-
brielli, 1999, Clemens, 2006). The observed dose-dependent decline in vigor
confirms the detrimental impact of increasing heavy metal concentrations on
seedling metabolic functions and growth potential (Pourrut et al. 2011). Paxr-
ticularly, the pronounced negative effect of Hg on alfalfa emphasizes the
need for careful consideration of species-specific responses in heavy met-
al-contaminated environments and phytoremediation efforts (Ghosh, Singh
2005).

Relative shoot length (%)

Relative shoot length (RSL) was significantly affected by heavy metal
type and dose (p<0.0001), while species alone had no significant effect
(p=0.0936), although the interaction S x HM was significant (p<0.0001),
indicating variable species responses to metals. The HM X D interaction was
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also significant (p=0.0052), while others were not. As shown in Table 3, sain-
foin showed the highest numerical RSL (78.3 + 2.6%), although differences
among species were not statistically significant. Cr (96.8 + 2.2%) and Pb
(88.0 + 1.8%) resulted in the highest RSL, while Hg (44.2 + 4.4%) and Cd
(56.7 + 4.4%) caused the greatest reductions. Control (100.0 = 1.1%) main-
tained the highest shoot length; 800 mg L resulted in the lowest
(52.7 + 4.5%). Table 4 revealed species-specific responses. Sainfoin showed
maximum RSL under Cr (103.9 + 3.6%), while alfalfa had lowest values un-
der Hg (33.5 = 8.0%) and Cd (36.0 + 8.6%). Vetch ranged from 35.1% under
Hg to 91.5% under Cr. According to Table 6, all metals showed dose-depen-
dent declines. Cd decreased sharply from 73.8% to 23.3%, Hg from 43.1% to
21.2%, while Cr maintained ~95-100% even at higher doses. Ni and Pb also
showed moderate tolerance. RSL was significantly influenced by heavy metal
type and dose, while species effect alone was not significant, suggesting that
metal toxicity primarily governs shoot growth inhibition during early seed-
ling development (Clemens 2006, Ertekin, Bilgen 2011, Ertekin et al. 2020,
Aygiin et al. 2022). The higher RSL values under chromium (Cr) and lead
(Pb) treatments indicate comparatively lower toxicity, consistent with reports
that these metals, at certain concentrations, exert less phytotoxicity than
cadmium (Cd) and mercury (Hg) (Di Toppi, Gabbrielli 1999, Sharma, Dubey
2005). The strong reduction in shoot length observed under Cd and Hg, par-
ticularly at higher doses, aligns with their known interference with cell divi-
sion and elongation processes (Pourrut et al. 2011). Species-specific respons-
es, such as sainfoin maintaining higher RSL values, may be related to
intrinsic tolerance mechanisms or more effective detoxification pathways
(Bae et al. 2015). The dose-dependent decline in RSL across all metals un-
derscores the progressive severity of heavy metal stress on seedling growth,
emphasizing the need for dose consideration in environmental risk assess-
ments and phytoremediation planning.

Relative root length (%)

ANOVA results (Table 2) showed that species, heavy metal type, and
dose significantly affected relative root length — RRL (p<0.0001 for all), along
with all interaction terms. Sainfoin had the highest RRL (70.2%), followed by
alfalfa (63.6%) and vetch (568.4%) — Table 3. Cr caused the least reduction in
root length (96.7%), while Cd was most toxic (42.0%). RRL decreased pro-
gressively with higher doses, dropping to 38.2% at 800 mg L. The heatmap
(Figure 1) revealed that sainfoin maintained high RRL under most treat-
ments, particularly under Cr and Pb, while alfalfa showed the lowest RRL
values under Cd and Hg, indicating species- and metal-specific root respons-
es. The significant effects of species, heavy metal type, and dose on RRL,
along with all interaction effects, underscore the complexity of root responses
to metal stress. Sainfoin exhibited the highest root growth under heavy met-
al exposure, indicating strong tolerance mechanisms, possibly via efficient
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metal sequestration or antioxidant defense (Ghosh, Singh 2005, Goncharuk,
Zagoskina 2023). In contrast, alfalfa showed greater sensitivity, reflected by
the lowest RRL values, consistent with earlier findings that species differ
in root susceptibility to metal toxicity (D1 Toppi and Gabbrielli, 1999). Cad-
mium (Cd) was the most toxic metal, significantly reducing root length, while
chromium (Cr) had the least adverse effect, supporting previous research on
metal-specific toxicity gradients (Clemens 2006, Ertekin and Bilgen, 2011,
Ertekin et al. 2020). The dose-dependent decline in RRL across species high-
lights the importance of considering both concentration and species traits
when assessing heavy metal impacts on root development and plant estab-
lishment in contaminated soils.

Mean germination time (day)

Mean germination time (MGT) was significantly affected by species,
heavy metal type, and dose (p<0.0001 for all), as well as their interactions:
SxHM, HMxD, and SxHMXD (all p<0.0001 or p=0.0030). The SXD interac-
tion was not significant (p=0.4052), indicating similar dose effects across
species. Alfalfa had the shortest MGT (1.3 £ 0.0 days), followed by vetch
(1.9 £ 0.0 days), while sainfoin germinated more slowly (2.2 + 0.0 days) —
Table 3. Among metals, Cr treatment led to the fastest germination
(1.7 £ 0.0 days), while Cd and Pb increased MGT to 1.9 + 0.1 days. The high-
est dose (800 mg Li!) caused a delay in germination (1.9 + 0.1 days), com-
pared to the control (1.7 + 0.1 days). Intermediate doses did not follow
a consistent trend. The heatmap (Figure 1) shows MGT values by species,
metal, and dose. Alfalfa exhibited fast germination (blue tones) across treat-
ments, while sainfoin showed the longest MGT (dark red), especially under
high-dose stress. Vetch presented intermediate responses. These patterns
confirm that germination speed is jointly regulated by species characteristics,
metal type, and metal concentration. The results indicate that MGT 1is sig-
nificantly affected by species, heavy metal type, and metal dose, with notable
interactions among these factors. Alfalfa exhibited the shortest MGT, reflect-
ing a faster germination rate and greater tolerance to heavy metal stress,
whereas sainfoin showed delayed germination, especially at higher metal
concentrations. These species-specific differences align with previous findings
that genetic factors strongly influence seed germination speed under abiotic
stress (Bae et al. 2015, Goncharuk, Zagoskina 2023). Cr treatment consis-
tently shortened MGT, suggesting lower toxicity or potential stimulatory
effects at tested doses (Basit et al. 2022). In contrast, Cd and Pb prolonged
germination time, corroborating their known inhibitory effects on seed met-
abolic activities (D1 Toppi, Gabbrielli 1999, Clemens 2006). The dose-depen-
dent increase in MGT underlines the progressive delay in germination as
heavy metal stress intensifies, which may affect seedling establishment and
crop productivity in contaminated soils (Ertekin, Bilgen 2011, Ertekin et al.
2020, Aygiin et al. 2022). Overall, these findings emphasize the importance
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and DSW parameters

of considering species-specific responses and metal-dose interactions in eco-
logical risk assessments and phytoremediation strategies.

Fresh shoot weight (mg plantlet?)

The analysis of variance (Table 2) showed that species (S), heavy metal
type (HM), and dose (D) all significantly affected fresh shoot weight — FSW
(p<0.0001), with significant interactions among these factors (SxHM, SxD,
HMxD, SxHMxD, p<0.0001). Among species, sainfoin had the highest FSW
(75.9 £ 1.1 mg plantlet?), significantly outperforming vetch (40.5 + 1.4 mg
plantlet!) and alfalfa (25.9 + 0.9 mg plantlet') (Table 3). Regarding heavy
metals, chromium (Cr) and lead (Pb) treatments resulted in relatively higher
FSW (565.5 + 2.6 and 52.3 + 3.4 mg plantlet?, respectively), while mercury
(Hg) and cadmium (Cd) caused greater reductions (39.0 + 3.3 and 42.0 + 3.2 mg
plantlet?). Increasing metal doses consistently decreased FSW, with the low-
est values at 800 mg L' (43.7 + 3.6 mg plantlet!). The heatmap (Figure 2)
illustrates that sainfoin maintained relatively high shoot biomass across all
metal types and doses, indicating superior tolerance. Alfalfa showed low
FSW under all treatments, highlighting its sensitivity. Vetch had intermedi-
ate responses, with sharper declines under high Hg and Cd doses. These
findings confirm that heavy metal stress adversely affects biomass accumu-
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lation, but species vary markedly in tolerance. Sainfoin’s resilience may be
attributed to its enhanced metal chelation and antioxidant mechanisms,
consistent with prior studies on leguminous phytoremediators (Verbruggen
et al. 2009, Goncharuk, Zagoskina 2023). Moderate toxicity observed with Cr
and Pb aligns with reports that plants can partially immobilize these metals,
mitigating their effects (Jawad-Hassan et al. 2020). In contrast, Hg and Cd’s
strong inhibition of shoot growth reflects their disruption of photosynthesis
and induction of oxidative stress (DalCorso et al. 2010, Yadav 2010).
The dose-dependent decline supports the literature on metal interference
with nutrient uptake and cellular processes (El Rasafi et al. 2021).

Fresh root weight (mg plantlet?)

ANOVA results (Table 2) showed that species (S), heavy metal type
(HM), and dose (D) significantly influenced fresh root weight — FRW
(p<0.0001), with all interactions also significant (p<0.0001). The Tukey’s test
(Table 3) indicated that common vetch had the highest FRW (38.2 + 1.7 mg
plantlet?), followed by sainfoin (21.1 + 0.6 mg plantlet?'), while alfalfa had
the lowest FRW (9.1 + 0.3 mg plantlet!). Among metals, nickel (Ni) and lead
(Pb) supported higher root biomass (25.2 + 2.6 and 25.5 + 1.9 mg plantlet?!),
whereas mercury (Hg) caused the greatest inhibition (16.7 = 1.3 mg plant-
let!). Increasing metal doses progressively reduced FRW, with the lowest
value at 800 mg L' (18.6 £ 1.5 mg plantlet!). The three-way interaction
heatmap (Figure 2) revealed that vetch generally maintained higher FRW,
especially under Pb and Ni treatments, indicating greater tolerance. Sainfoin
showed moderate and variable responses, while alfalfa consistently exhibited
low root biomass, reflecting greater sensitivity to heavy metal stress. These
results suggest species-specific root growth adaptations to metal toxicity.
Vetch’s higher root biomass may relate to enhanced root exudation and metal
chelation improving tolerance (Tangahu et al. 2011, Chen et al. 2017). Differ-
ences among species align with root architecture and metal uptake varia-
bility (Wu et al. 2015). Lower toxicity of Ni and Pb likely stems from detoxi-
fication and vacuolar compartmentalization (Benavides et al. 2005, Ghori
et al. 2019), whereas Hg’s strong inhibition corresponds to its disruption of
root membranes and nutrient uptake (Seregin, Ivanov 2001, Zhu et al. 2022).
The dose-dependent FRW decline highlights the detrimental impact of heavy
metal accumulation on root development, potentially impairing plant estab-
lishment in contaminated soils (Hossain et al. 2012).

Dry shoot weight (mg plantlet?)

ANOVA results (Table 2) showed that species (S), heavy metal type
(HM), and dose (D) had significant effects on dry shoot weight — DSW
(p<0.0001), with all interactions (SXHM, SxD, HMxD, SxHMXD) also being
significant. The Tukey’s test (Table 3) revealed sainfoin had the highest
DSW (12.1 + 0.2 mg plantlet), followed by vetch (4.1 = 0.1 mg plantlet!) and
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alfalfa (1.9 £ 0.1 mg plantlet?). Among metals, nickel (Ni) and lead (Pb)
treatments supported higher DSW (6.7 +£ 0.6 and 5.9 + 0.5 mg plantlet?),
while mercury (Hg) resulted in the lowest DSW (5.4 = 0.7 mg plantlet?).
Dose effects showed the highest DSW in controls (6.2 = 0.5 mg plantlet),
with reductions at increased metal concentrations, though the highest dose
(800 mg L') caused less reduction than intermediate doses. Heatmap visual-
ization (Figure 2) confirmed that sainfoin maintained markedly higher DSW
across all metals and doses, reflecting its superior tolerance. Vetch showed
intermediate DSW values, whereas alfalfa was consistently the lowest.
Increasing metal doses generally reduced DSW within species, but sainfoin’s
shoot biomass remained relatively stable under higher stress. These results
highlight that DSW is strongly affected by species identity, metal type, and
concentration. Sainfoin’s high DSW suggests effective physiological defenses
such as antioxidant activity and metal sequestration mitigating toxicity (Hall
2002, Sharma, Dietz 2006). The higher biomass under Ni and Pb aligns with
known detoxification and compartmentalization mechanisms (Lux et al.
2011, Pourrut et al. 2011), while Hg’s strong inhibition corresponds to its
negative impact on photosynthesis and metabolism (Rai et al. 2019).
Dose-dependent biomass declines emphasize toxicity thresholds limiting
growth (Kumar et al. 1995). Overall, sainfoin’s biomass retention under met-
al stress supports its suitability for cultivation in contaminated environ-
ments.

Dry root weight (mg plantlet?)

ANOVA (Table 2) revealed significant effects of species (S), heavy metal
type (HM), dose (D), and their interactions on dry root weight (DRW)
(p<0.0001). The Tukey’s test (Table 3) showed that common vetch had the
highest DRW (4.0 + 0.1 mg plantlet!), followed by sainfoin (2.3 £ 0.1 mg
plantlet?), and alfalfa with the lowest DRW (1.2 = 0.1 mg plantlet!). Among
metals, lead (Pb) and cadmium (Cd) treatments resulted in higher DRW
(2.8 +£0.2 and 2.7 £ 0.2 mg plantlet!), while chromium (Cr) and mercury
(Hg) produced the lowest values (2.1-2.2 mg plantlet?). Increasing doses
caused a progressive decline in DRW, with the lowest value at 800 mg L'
(2.2 £ 0.2 mg plantlet?). The heatmap (Figure 2) demonstrated that vetch
maintained relatively higher DRW across metals and doses, especially under
Pb and Cd at high concentrations. Sainfoin showed intermediate DRW
values, whereas alfalfa consistently exhibited the lowest biomass, indicating
greater sensitivity. These results indicate species-specific root tolerance
to heavy metals. Vetch’s superior DRW likely reflects effective exclusion or
detoxification mechanisms such as phytochelatin-mediated sequestration and
antioxidant defenses (Clemens et al. 2013, Shahid et al. 2014). The relatively
higher DRW under Pb and Cd supports partial tolerance via vacuolar com-
partmentalization (Cobbett, Goldsbrough 2002, Ghori et al. 2019). In con-
trast, Cr and Hg strongly inhibited root biomass, consistent with their dis-
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ruptive effects on cellular metabolism and oxidative stress induction (Stohs,
Bagchi 1995, Singh et al. 2010). Dose-dependent decreases emphasize the
limits of plant defense mechanisms at high metal concentrations (Lux et al.
2011). Overall, common vetch’s root biomass resilience under heavy metal
stress suggests its suitability for phytoremediation of contaminated soils.

CONCLUSIONS

This study demonstrated that the type and concentration of heavy met-
als, as well as the plant species, significantly influence various germination
and seedling growth parameters, including germination ratio, vigor, shoot
and root length, and biomass accumulation. Among the tested species, sain-
foin (Onobrychis viciifolia) and common vetch (Vicia sativa) exhibited greater
tolerance to heavy metal stress, maintaining higher germination rates, vigor
indices, and biomass production compared to alfalfa (Medicago sativa), which
was more sensitive. In general, chromium (Cr), lead (Pb), and nickel (Ni)
exerted relatively weaker inhibitory effects, whereas cadmium (Cd) and
mercury (Hg) showed pronounced toxicity across all measured traits.
The dose-dependent declines in growth and biomass emphasize the severity
of metal toxicity at higher concentrations.

These findings highlight the potential of sainfoin and common vetch as
promising candidates for phytoremediation and cultivation in moderately
contaminated soils, where metal-tolerant forages could contribute to soil sta-
bilization and ecological restoration. Furthermore, integrating such tolerant
species into crop rotation or mixed cropping systems may help mitigate the
risks of heavy metal accumulation in the food chain.

Future studies should focus on elucidating the physiological, biochemical,
and molecular mechanisms underlying species-specific tolerance, particularly
the roles of antioxidant defense, metal chelation, and ion transport path-
ways. A deeper understanding of these processes could support the develop-
ment of breeding programs and management practices aimed at enhancing
crop resilience to heavy metal stress in agricultural and ecological settings.
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